Abstract The urban drainage cycle is a very complex system with many interacting processes. Models are a great help to test different scenarios and improve the understanding of this system. At present, good models exist for the hydrodynamics of the sewer systems, for the biological conversions in the wastewater treatment plant (ASM 1 to 3) and for the receiving water (RWQM1). However, the traditional transport and conversion models for the sewer system are incompatible with the ASM definitions, making it difficult to link the models to come an integral and unified urban drainage model.
Introduction
The sewer system is not just a pipe structure transporting water to the wastewater treatment, but a biological reactor. However, the effects of the conversion on and possible assets for the urban water cycle are normally ignored, especially during dry weather periods. However, it is generally known that the sewer system affects the operation of the wastewater treatment plant (WWTP) (Nielsen et al., 1992) . Furthermore, as the different units of the urban water cycle are linked more and more together in management and operation, the need for an accurate integral sewer and wastewater treatment plant model, including biological and chemical transformations, becomes evident.
Many excellent tools have been presented to model sewer hydrodynamics like MOUSE (Anonymous, 2000) . However, the conversions in the sewer are only roughly calculated and the peculiarities of the biofilm that grows on the sewer wall are not taken into account at all. This biofilm plays a central role in:
• The respiration of oxygen and easily degradable substrate, • The production of hydrogen sulphide, • The production of easily degradable substrate that is greatly needed for the nutrient removal, and • The production of bacteria and storage of degradable material that can be released through a combined sewer overflow and causes the oxygen surge after a rain event.
The goal of this work is to present an integral sewer and wastewater treatment plant (WWTP) model that focuses on the biological processes in the biofilm and the wastewater. This model is unified in its state variables and processes because these are all based on the successful activated sludge model no. 3 . It can also be the basis for the understanding of more complex effects of the sewer system on the WWTP plant like the seeding of filamentous bacteria, sulphate reducing and oxidising bacteria. Finally, this model can be easily linked to the river model as presented by Shanahan et al. (2001) .
Several scenarios for sewer management will be simulated and their effect on the treatment plant will be discussed.
Model outline Wastewater treatment plant
An overview of the model is shown in Figure 1 . The WWTP with enhanced biological phosphorus removal has been modelled with the ASM 3 and the EAWAG Bio-P module (Rieger et al., 2001) . This part will therefore not be further discussed here.
Sewer system
The sewer system can be regarded as a wastewater treatment plant with river hydrodynamics. Biological conversions occur in suspension and in a biofilm on the sewer wall. The following processes have been implemented:
Hydrodynamics. The sewer hydrodynamics are calculated with the diffusive wave approach of the Saint Venant equations. The friction slope is not calculated with the Manning coefficient but with the equivalent sand roughness and the Darcy-Weisbach equation. This approach proved reliable even for very dynamic situations (Huisman et al., 2000) .
Reaeration through the water surface. Oxygen from the sewer atmosphere can dissolve in the flowing wastewater according to:
(1) where r reaer = reaeration rate (g O ·m -3 ·d -1 ), k l a= reaeration coefficient (d -1 ), S O = dissolved oxygen concentration (g·m -3 ) and S O * = saturation concentration of oxygen (g·m -3 ). The k l a is calculated with the following equation that was calibrated with sulphur hexafluoride gas tracer experiments that already contain a temperature correction through the kinematic viscosity (Huisman, 2002; 
where g = gravitational acceleration (m·d -2 ), R h = hydraulic diameter (m), S f = friction slope (m·m -1 ), D = diffusion coefficient (m 2 ·d -1 ) and u -= average velocity (m·d -1 ).
Biological conversions in the sewer. Suspended biomass in the sewer originates not only from the wastewater source, but also from eroded sewer biofilm (see Figure 2 ). The fraction of biofilm biomass will increase as the wastewater comes nearer to the treatment plant due to erosion of the biofilm. In addition, bacteria from the wastewater source hardly grow under the sewer conditions and are partly trapped by the sewer biofilm. Because the sewer bacteria will constantly inoculate the treatment plant, it can be expected that both biomasses have similar properties. The activity of suspended (and biofilm) sewer biomass has therefore also been modelled with the ASM3. Laboratory experiments showed that this worked well (Huisman, 2002) .
Biological conversions in the sewer biofilm
The modelling of the biological conversion processes in the sewer biofilm is still uncommon and will therefore be explained in more detail.
The sewer biofilm adds a limitation to mass transfer compared to suspended biomass. Consequently, the sewer biofilm activity is especially influenced by the sewer oxygen concentration. The following processes, which have been described in detail in Huisman and Gujer (2002) , have been introduced to model the biofilm.
Mass transfer limitation.
In an active and thick biofilm, substrate from the bulk will penetrate up to a certain depth. Only the layer where substrate is present will contribute to the conversion. As a result, the observed conversion is lower than the maximum conversion when the biofilm would be fully penetrated and active. The ratio of the observed and the maximum conversion is the "effectiveness factor" (η f,i ). Rittmann and McCarty (1981) proposed this concept for biofilm kinetics. It allows for an accurate description of the conversion processes while keeping the required calculation time low. The conversion rate can be written as:
Sewer atmosphere where r i f = the consumption rate of the substrate i as a result of biofilm activity (g·m -3 ·d -1 ), a f = the specific biofilm area (m 2 ·m -3 ), J i = the flux into the biofilm (g·m -2 ·d -1 ), L f = biofilm thickness (m), ν j,i = stoichiometric coefficient for compound i and process j (g·g -1 ), ρ f j = process rate for process j within the biofilm (g·m -3 ·d -1 ). The penetration depth for oxygen (d p,O2 ) and nitrate (d p,NO3 , see Figure 3 and Table 1 ) can be calculated when η f,i and the biomass activity are known. An adapted calculation scheme for η f,i and other variables is given in Huisman and Gujer (2002) .
Biofilm attachment and hydrolysis. An attachment process is required for X S because laboratory experiments with intact biofilm showed that hydrolysis occurred within the sewer biofilm. This hydrolysis continued under anaerobic conditions (Huisman, 2002) . The ASM3 hydrolysis process will be applied. Because better information is lacking, a first order equation has been used for the attachment of all particles (biomass, organic and inorganic) (see Table 2 ).
Biofilm detachment. Biomass is continuously lost under dry weather conditions because the wastewater exerts a shearing force. In addition, suspended particles will contribute to the erosion. And during a rain event, up to 90% of the biofilm eroded, although a biofilm grew under a similar shear stress in another channel. A semi-empirical detachment equation as shown in Table 2 was therefore proposed.
Denitrification. In simple terms, denitrification occurs when oxygen is depleted. In the biofilm this is true between z = 0 and z = L f -d p,O2 (see Figure 3) . The effectiveness factor for nitrate is calculated during the simulation from the current concentration at the aerobic/ anoxic interface (S i ).
Boundary layer. The compound concentration on the biofilm surface will be lower than in the bulk due to mass transfer resistance in the stagnant concentration boundary layer with a thickness δ c (m). Table 1 The mass transfer rates and stoichiometry for boundary layer and oxic layer mass transfer. η D = factor describing biofilm diffusion reduction or enhancement (-), P w = wetted perimeter (m) and A cr = crosssectional area (m 2 )
Process rate (g·m -3 ·d -1 )
Boundary layer
Oxic layer Table 2 The definitions and stoichiometry for biofilm erosion (detachment) and particle attachment. r det Xi = detachment rate of X i (g·m -3 ·d -1 ), k det = rate coefficient for detachment (g·m -5 ), µ Het = specific growth of heterotrophic biomass (d -1 ), τ n w = current wall shear stress (N·m -2 ) and τ w min = minimal wall shear stress under dry weather conditions (N·m -2 ), M i = mass of compound i on surface (g·m -2 ), r att Xi = attachment rate of particle i (g·m -3 ·d -1 ) and k att = specific attachment rate (d -1 )
Process rate (g·m -3 ·d -1 ) Both the sewer and the WWTP model have been calibrated and validated with full-scale systems. The model parameters can be found in Rieger et al. (2001) and Huisman and Gujer (2002) . The first example in Figure 4 shows the accumulation of particulate material in the sewer and its release during a rain event. Organic material (with a significant fraction of active biomass) and inorganic material collect on the sewer wall during dry weather (in the sewer under study no sediments occurred). During a rain event, this mass is eroded quickly, which causes the well known problems with combined sewer overflows. The biomass that was previously growing on the sewer wall will be one of the major causes of the high oxygen uptake in a receiving water. After a rain event the build-up of the biofilm will start again. In the sewer under study it was observed that the flow rate and oxygen concentration remained elevated after a rain event and only came back to their dry weather values after several days. The oxygen concentration was higher because: 1) there was less active biomass, 2) the reaeration was higher due to an increased flow rate 3) the input load of oxygen was higher. The result was that the biofilm grew quickly and extracted a larger than normal amount of COD from the wastewater and probably released practically no S S . This can explain why the performance of nutrient removal processes is often reduced after rain events.
The following other situations and scenarios have been evaluated: • Flat sewer (see Figure 5 ): A flat sewer means a long residence time and little surface reaeration. Consequently, the wastewater will become anaerobic and large quantities of S S can be produced which is beneficial for nutrient removal. However, it should be kept in mind that there is still reaeration. All oxygen that is transferred into the wastewater leads to the degradation of COD, either directly or through the sulphur cycle.
• Steep sewer (see Figure 6 ): A high surface reaeration results in oxic conditions in the wastewater. There will be a significant degradation of COD that will relieve a simple treatment plant without nutrient removal. However, the wastewater will contain little S S , which is detrimental for nutrient removing processes.
• Separation of urine at the source: Larsen and Gujer (1996) presented a new concept for the urban drainage system where urine is separated from the other wastewater at the source and treated separately. The wastewater will therefore contain approximately 90% less nitrogen and 50% less phosphate. Nutrient removal at the WWTP will hardly be needed and degradation in the sewer system should be maximised. The highest potential lies in the biofilm, because its activity depends with half-order on the oxygen concentration. The wastewater oxygen concentration could be increased by changing the design of the sewers or by installing aerators within the main sewers.
• Recycle of sludge through the sewer: Koch and Zandi (1973) first proposed this idea. Figure 4 a) Simulation of the load of all suspended particulate organic material and of heterotrophic biomass (X Het ) using measured discharge data. b) The amount of total organics material and heterotrophic biomass on the sewer wall at x = 2 km. A rain event occurred at t = 5 d (another event than in a)).
However, in many sewers there is already enough biomass to consume all available oxygen. In systems where the treatment plant is limited by the amount of S S , recycling some sludge through the sewer system might be an option. However, this will put an extra load on the primary clarifier. Furthermore, it will probably be a cost-intensive solution.
• Denitrification in the sewer: The biofilm in the sewer is normally thick. Consequently, denitrification can occur inside the biofilm even when the top layer is aerobic. A denitrification activity of 7 g N ·m -2 ·d -1 at 20°C has been measured for a sewer biofilm (Huisman, 2002) . The model showed that 30% of the daily nitrogen load could be denitrified in the sewer if it were available as nitrate. The huge wetted surface area in the sewer system has a potential as a denitrification reactor, but the pumping costs and infrastructural investments will be major limiting factors.
Conclusions
The integral and unified wastewater treatment model can describe the conversions in the wastewater from the households through the sewer until the outlet of the WWTP. This allows for the evaluation of sewer design and operation on the WWTP. The major differences with currently existing urban drainage models are: • The processes in the sewer system, including the sewer wall biofilm, are accurately described.
• The model modules are calibrated and validated with full scale systems.
• The model is unified in its state variables and definitions (based on activated sludge model no. 3).
• The major limitation is that anaerobic biofilm processes are not yet included because the sewer under study was practically always aerobic. 
